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ATLAS Phase Il Upgrade: Inner Tracker (ITk)

v
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ID end-plate 3512

LHC phase Il upgrade in ~2025

More stringent requirements for Inner Detector

= Rad. level up to: 101624 & 1 Grad TID
cm

= High particle rate: occupancy, bandwidth, ...
A new all-silicon inner tracker will replace the current
detector
New pixel detector baseline — hybrid pixels (fast readout
and radiation hard)
CMOS Demonstrator collaboration is evaluating suitability

of CMOS pixels for the outer pixel layers
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CMOS Demonstrator Program

= Several possibilities were investigated and prototypes in different technologies have been designed

* | >4 | D1k {1

Sensor R/O Chlp Diode + R/O Chlp Diode + Amp +
preamp Digital
Passive CMOS sensor + R/O chip Active CMOS sensor + R/O chip Monolithic device

= Currently most focus is given to monolithic devices
~*2 & 80 Mrad TID

c

= Aiming for radiation hardness up to 10%

= Fast R/O with 25ns precission required
= Possible gains: lower sensor manufacturing cost , cheaper and simpler module assembly

rymaszewski@physik.uni-bonn.de TWEPP 2017



CMOS Demonstrator Program v

UMIVERSITAT

= Several possibilities were investigated and prototypes in different technologies have been designed

F| >0 #|>T  Fol

Sensor R/O chip Diode + R/O chip Diode + Amp +
preamp Digital
Passive CMOS sensor + R/O chip Active CMOS sensor + R/O chip Monolithic device

= Currently most focus is given to monolithic devices
"4 & 80 Mrad TID
m

c
= Fast R/O with 25ns precission required

= Possible gains: lower sensor manufacturing cost , cheaper and simpler module assembl

= Aiming for radiation hardness up to 10%

Chip name Technology Fill factor  Pixel size [um?2]  R/O architecture

aH18 Fab A (180nm) Large 56 x 56 Asynchronous
Measurements
H35DEMO  Fab A (350nm) Large 50 x 250 Synchronous
Malta Small 36 x 36 Asynchronous
Fab B (180nm) Ready for
TJ Monopix Small 36 x 40 Synchronous submission
Coolpix Large 50 x 250 Synchronous
LF Monopix Fab C(150nm) Large 50 x 250 Synchronous Measurements
LF2 Large 50 x 50 Synchronous

rymaszewski@physik.uni-bonn.de TWEPP 2017 5



DMAPS

48
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= Monolithic pixels are not new idea

STAR  ALICE- ILC

ATLAS-HL-LHC

Outer Inner
BX-time [ns] 25
Particle Rate
(kHz/mm2] 1000 10 000
Fluence [n./cm?] = >10?  >10% 101> 2x1016
lon. Dose [Mrad] 0.2 0.7 50 > 1000

p++ substrate

, particle track
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DMAPS

48
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= Monolithic pixels are not new idea

STAR

ALICE-

ATLAS-HL-LHC

NMOS
p-wiell

n-well

p++ substrate

, particle track
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Outer Inner
BX-time [ns] 25
Particle Rate
(kHz/mm2] 1000 10 000
Fluence [n./cm?] = >10?  >10% 101> 2x1016
lon. Dose [Mrad] 0.2 0.7 50 > 1000

Depletion

; particle track
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= Description of the design
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Technology
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150nm CMOS
Multiple nested wells available

Manufactured on high resistivity (>2kQcm) p-type bulk (depletion width d \/Ubl-as * Osub )

Thinning and back size processing possible

One pixel cell >
E<— Electronics —»i

'y

- nwell - pwell
deep nwell - deep pwell
- very deep nwell

-,i.- Charge coll. diode

s
I-r-
()

' p-substrate

ixle TCsub

rymaszewski@physik.uni-bonn.de TWEPP 2017



B

LF Monopix chip overview
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. . »{ TokenChip gfi‘\
= Chip size ~ 10mm X 9.5 mm READ _ R/O controller g2
a g | Off chip
" 50um X 250um pixel size onetp
. .
" Matrix of 125 36 pixels R[O Jogi

= 9 pixel flavours — each 4 column

Pixel with R/O logic Binary pixel

129 X 28 129X 8
(7 designs) (2 designs)

= Column drain R/O scheme

(8bit ToT with 25ns time stamp resolution)
= No trigger memory on chip
= 160 MHz LVDS serial output

= R/O controller implemented off chip by FPGA

Chip Bias, Configuration & Monitoring

= Silicon arrived in March 2017

= Now under characterization

rymaszewski@physik.uni-bonn.de TWEPP 2017 10



Column drain R/O architecture __ /

= Already used in ATLAS (FE-13)
= Relatively simple in-pixel digital logic
= Preferable for DMAPS _____. N R Y 1

<@
—
1y
Py
| §\|
Pixel column ——— >

\ /
¢ r/o \ /
/
IN logic | ? RAM /
| _ 1 __ |- = — I
c
S
g & 7
o S
g AT
Serializer
______ L T ke 4 Eoc Serializer
' Circuit|_~ "~ " | Circuit
I EO S -
I . . Time stamp ; - T
| CIrcult (Gray code) // =
: v / %
| / R/O controller =
EoC R/O logic |/ )
' K— 7
| /
L -/
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Column drain R/O architecture

fERSITA

= Already used in ATLAS (FE-13)
= Relatively simple in-pixel digital logic

A N\
= Preferable for DMAPS e L a—
| Pixel B
| Addr,
] o ] ] ! hit > | [Rom /
- Time stamp distributed in pixel array |~ Iml /
| f / c
| ? —RAM / E
| \ [€ ] / S
| [ rlo \ / °
: 4, logic | ?RAM // é’
I 4 ——_1__ = 1
c
o S
g =z
l T S
a ;
F e~ 1T I T Circuit|_~ ~ " | Circuit
1 Eo S :
[ Time stamp : I ﬂ
| CIrcult (Gray code) // =
i : \ 4 / o)
Time Stamp X YXXOOOOOOO0O00OOOX | / RIO controller g
| EoC R/O logic [~/ a
| \,7//
L o e —

rymaszewski@physik.uni-bonn.de TWEPP 2017 12



Column drain R/O architecture
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Already used in ATLAS (FE-I3)

Relatively simple in-pixel digital logic

A VAN
= Preferable for DMAPS e A -
. Pixel
: Addr.
. . . . . s hit ROM
- Time stamp distributed in pixel array |, Iml 7 ~
|
' o
y . . . | i
- Hit information stored in the pixel —¢ rlo \ /
logic | RAM
- Coarse analog measurement by ToT L] — T s
o g
o IS
a
| Eo _
i circuit (ray o)
Time stamp YO YOOOO0O0O0O0O0O00O0OOXX ! Y
173 S p— : EoC R/O logic el
LE N [ \ﬁ//
TE Nn L e ~
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Column drain R/O architecture

UMIVERSITAT

= Already used in ATLAS (FE-13)
= Relatively simple in-pixel digital logic

A /\
= Preferable for DMAPS e L a—
 Pixel =
| Addr,
. o . L hit > | Rom /
- Time stamp distributed in pixel array |/ Iml ~ /
i ? 1 ARAM|:> / g
o . . . ! AW ! S
- Hitinformation stored in the pixel — " \ // =
ogic | RAM
- Coarse analog measurement by ToT L 1 i s 3
c
e g . ©
- TE inititates R/O process arbitrated by 5 g/i/_/'
EoC logic T s
- Data bus sh:.:\red by one coI.umn o e EOC% -
- Topmost hit has the highest R/O|rc =117 "1 I I circuit|," " " | circuit
riorit I Time stamp ’ I <:'—ﬂ
p y : clrcult (Gray code) // =
Time stamp Y OOOOOOOOO0000000 | v / RIO controller g
HT _ T 1 | EoC R/O logic — // )
#E i M L /!
Token Out
Freeze |_|_
Read L
Readint L
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Pixel design

4
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Token in
(from previous pixel) P

Preamp + Discriminator R/O Logic
i Thres.
: Tuning R d|nt
i A Y T\ LE cad
! DA | -LE RAM —
E ETE_H_ s Qe—>—1 —s Q . J b e TIE '
e o : dl| | -
: HIT LE— R Q R Q ' |
: I
| 1% latch [HIT flag —
i )i e |4
! ReadInt \
g |

Token out

Freeze (to next pixel) Read Time stamp Column bus
(8-bit) (24 bit)

N

rymaszewski@physik.uni-bonn.de

250um

TWEPP 2017

15



B

Design challenges for LF-MonoPix01
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One pixel cell >
| . | !
— Electronics —>

- nwell - pwell
deep nwell - deep pwell
- very deep nwell

p-substrate

= Large detector capacitance C, = C,, + C, + C,,

- 1 Cp
CSA™ — "
gm Cr ‘ Power required to compensate (g,,,~Ip)
2 4 kT Cj
| A~ — ¢ —  —=
EN Cthermal 3 gm T _:(|:_
= C_. couples substrate noise into the sensor (e.g. limits minimum threshold)
Pw I\ digital
L

—‘D/ logic
& deep p-well /
b

example: C,,, = 100 fF, AV, =1 mV > Q. = 625 € ic

rymaszewski@physik.uni-bonn.de TWEPP 2017 16



Pre-amplifier __ v

Token in

____________________________________ (from previous pixel) P

Preamp + Discriminator R/O Logic

i E 4 bit Thres.

: ° ! Tuning

i v | A v ? LE Readllnt

i 2 | ) O N I | .

i - _,_I_ e S Q- —Is ol—e s ° TE |

! = HIT "'TLE_,—H— R O R O 0N Q —F—{ TERAM |—t—

i £ |15‘Iatch [HITfIag _

i . (0O |

! ReadInt \

Tokeln out
(to next pixel) . v
Time stamp Column bus
Freeze Read (8-bit) 24 bit)
VDDA VDDA
VDDAPRE
= Bias current ~ 17 pA o = Bias current ~ 15 pA
p’_%*sc =  Peaking @ 4 ke~ 20 ns < =  Peaking @ 4 ke ~ 25 ns

o = ENC~170e = VEASC m ENC~135¢€
IN ouT
NMOS input pre-amp. CMOS input pre-amp.

rymaszewski@physik.uni-bonn.de TWEPP 2017 17



Discriminator ..‘.
ERSITA
Token in
____________________________________ (from previous pixel) A
Preamp + Discriminator R/O Logic
T T T
i I A v LE Readllnt
| &l a_ Il ) Lo~ 1 [P -
i - _,_I_ e S Q- —Is ol—e s ° TE |
! I HIT ”ITLE—J_|>_ R Q R Q N @ _/'(_
i £ |15‘Iatch [HITfIag _
! . (O |
! ReadInt \
Tokeln out
(to next pixel) . v
Time stamp Column bus
Freeze Read (8-bit) 24 bit)
VDD VDD
i F b .. i -
— |‘°| = 2-stage amplifier = Push-pull amplifier
' = Bias current: 4.5 pA |: = Self biased: < 4pA
o I-j,ﬂ our ®  Used in previous prototypes I:_OEGT = CMOS inverter as 2" stage
™ N = New design in LF-MonoPix
| |
compe> '|—| 'IZ 4 (expected to have lower
I - time walk)
Discriminator V1 Discriminator V2

rymaszewski@physik.uni-bonn.de TWEPP 2017 18



B

Cross talk minimalization efforts in LF-MONOPIX01

UNIVERSITAT

Token in
(from previous pixel)

Preamp + Discriminator | R/O Logic
vddaBias ¢ 4 bit _;rmes.
0 unin
"@ o LE ReadInt
oL = [
& L TE
P> [)
Caar i E bl |
- =t
-V 2 F 1% latch HIT flag
ReadInt C ( l:
oken out
to next pixel) .
Freeze Read Time stamp

(8-bit)

Current steering logic for TOKEN propagation Source follwers used for SRAM R/O

_cp_m_rp_o_r_]_to all cells LEMTE LETE
1 ! _l_ _L

| ' —T in n
o Ak

i J_ i C:;Jntn ;"d
B —o
Vpcﬂ |—-Vpc
A ‘{ B ‘{ 1 out m] out 1
é 320 pA -
|&’ 1D GV |§
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Binary pixel + R/O logic at column end "

Pixel matrix

Preamp + Discriminator

avddaBias

_____________________________________________________

‘ b READODUT

—

[ =2

rymaszewski@physik.uni-bonn.de

Token in

Column end (from previous pixel) A
i R/O Logic
|
A A LE Readllnt i
O N T | i l
=
S QI —s Q * J TE | !
— | |l
.3 .3 e gl | |- il
| ]
1% latch HIT flag w_*_, !
af
Readint ' ( ': i
Token out
Freeze (to next pixel) Read Time stamp Colum'n bus
(8-bit) (24 bit)

Motivated by reducing C, & cross talk

= Less in-pixel electronic

= Almost no CMOS signal distribution along the column
One-to-one connection from pixel to R/0O logic

= HIT signal shape distorted by source follower

= Complex routing

= Layout design not easily scalable

TWEPP 2017 20
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= Measurement results
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Measurement setup v
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Full read-out firmware & software (under development) based on the BASIL framework:

https://github.com/SiLab-Bonn/monopix_daq

rymaszewski@physik.uni-bonn.de TWEPP 2017 22



I-V curve
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= Break down =-280V
= Tested on few chips, all show similar behaviour

10° IV curve, LF-MONOPIX01, unirradiated, PREAMP_OFF
' ' ' ' [+ IvData|l
!
<
= : : : : : :
588 1 6 o] SETRRAARR N s A S NA IR R i
v L : t : : : 2
= t
O : J»
10-2 | I | | ] I
0 50 100 150 200 250 300
Voltage [V]
rymaszewski@physik.uni-bonn.de TWEPP 2017
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ToT

ToT calibration & x-ray spectra

VERSITA

N

Injection vs. ToT

ToT vs. Inj, LF-MONOPIX01: Pix[26,10], TH = 0.855 V, VPFB=4

— Fit . . . . . .
150 [{FH Data] ... N— SO S SR - .

100 |

50 |-

¥ ; ; = ~ 0. 445" ; |
: : : =0.717: :
; . A UaJ‘TOT 120. 068 ;

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Injection (V)

= Low feedback current for CSA to have wider analog pulse (not default shaping)
= Larger ToT range to have better analog resolution for sensor characterization

rymaszewski@physik.uni-bonn.de
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ToT

ToT calibration & x-ray spectra - vV

SITA

Injection vs. ToT Source spectrum fit
ToT vs. Inj, LF-MONOPIX01: Pix[26,10], TH = 0.855 V, VPFB=4 mGSﬂurces. LF-MONOPIX01: Pix[26, 10] TH=0. 855V, VP =41
— 241-Am, Blas: -70V mm 24'Am, Bias -70V
150 ||{F Data] . S L S ] L ey s mssgr| | ™ TbX-rays, Bias 70
: : : : : : 1 80 Tb XR, Bias: -70V '
— =48 3M, #=1 811
V=0.717V, Cyn; =2. T5TfF :
100 &0 L Tb XR, Bias: -70v ... ... R | | A
n =64 256, o=12, 685 :
= V=0.827V, C,,; = 2. T0TfF
(& -
ol
50 |-
oF —¢ ; ; = 0. 445, ; |
: : : =0.717: :
/ i i Ua:rToT 120. 568 ;
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 0 20 40 60 8O 100
Injection (V) ToT

= Low feedback current for CSA to have wider analog pulse (not default shaping)
= Larger ToT range to have better analog resolution for sensor characterization

L) to be = 2.75 fF

inj

" |njection capacitance is measured (ij =

rymaszewski@physik.uni-bonn.de TWEPP 2017 25



Counts

Depletion depth
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Spectrum vs bias voltage

MIP spectrum, LF-MONOPIX01: Pix[25,64], TH = 0.855, VPFB=4

250
— 30V
— 35V
200 — _aovh
| — 45V
150 f-oooeeeeep - ol — -50V {
I 60V
— 70V
100} 1
Y W L G W A e
0 ; L |
200 250

=  MIP spectra taken with 2.5 GeV electron beam at ELSA

rymaszewski@physik.uni-bonn.de
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Counts

Depletion depth

UNIVERSITAT
Spectrum vs bias voltage Resistivity fit
15 MIP spectrum, LF-MONOPIXO1: Pix[25,641, TH = 0.855, VPFB=4 25000 ' ' — ; ;
— 30V ~250 um depleted . -
— -35V 20000 |- < =3 -
at 100V -
200 Whalll Calibrate & x 17 e
45V fit MPV . =
150 -50V | n 15000 . a .
60V g g
-70V @ -
weor | 10000 F e R=7300.00-cm
- N, =(80e— /um)*0.3=vV R« V
: e%e [25,64]
e T L Y T}y T R RS 4 5000 | AAa [26,10]
i [25,10]
Y e%e [25,120]
0 ' / AAA [27,100]
250 0 | | ] | ] T
0 20 40 60 80 100 120

MIP spectra taken with 2.5 GeV electron beam at ELSA

Bias Voltage(V)

Substrate resistivity = 7.3 kQcm (higher than previous prototypes, but within specification)

rymaszewski@physik.uni-bonn.de
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Threshold tuning

N

Injection voltage [V]

UMNIVERSITAT
Column 24 -27 Column 20 -23
= CMOS input CSA = CMOS input CSA
= Discriminator V1 = Discriminator V2
= In-pixel RO logic = In-pixel RO logic
Charge [e-] Charge [e-]
0 1717 3433 5150 6866 8583 0 1717 3433 5150 6866 8583
160 . : : : 140 : : : :
140 : Threshold before tuning Threshold before tuning
i : : — p=0.1622V=2783e | 120 —  4;=0.2500V=4291e
120 | - #=0.0379V=651e 7=0.0615V=1055e
3 : Threshold after tuning z 100 Threshaold after tuning
X 100 ; 4=0.1464V=2512e X 1=0.2252V=3865e
5 ol : : #=0.0062V=106e . 80r #=0.0071V=121e
E . : E Eefore tuning E &0 E Eefore tuning
E 60 f Il After tuning E Il After tuning
= : T g = a0 : :
20}
; 1 U P
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5

Injection voltage [V]

The threshold can be tuned to = 2500 e with dispersion of = 100 e"
Algorithm under improvement, a lower tuned threshold may be achievable

rymaszewski@physik.uni-bonn.de
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Noise .‘.
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Column 24 -27 Column 20 -23

= CMOS input CSA = CMOS input CSA

= Discriminator V1 = Discriminator V2

= In-pixel RO logic = In-pixel RO logic

Charge [e-] Charge [e-]

?I.']O 86 172 257 343 429 515 601 687 ﬁl.']g 86 172 257 343 429 515 601 687

_ : ENC after tuning : : ENC after tuning

6O | — u=0.0111v=191e ] 5ol — p=0.0118v=203e (|

a=0.0016Y=27e a=0.0019%=33e

2 30T BN After tuning T 2 ol BN After tuning ]
E w0l T T T | E . i .
5 5 3pf -
2 a0} | gz
E g 20+ E
= 20 =

10 10F e

ﬂ%ﬂﬂ 0.005 0.010 0.01% CI.E:IEU 0.!2:'25 GI.E:IBID [}.E:IB_*:- 0.040 ﬂ%ﬂﬂ 0005 0010 0.01% 0.020 0.!2:'25 GI.E:IBID [}.E:IB_*:- 0.040

ENC [V] ENC [V]

= ENC= 200 e with dispersion of = 30 e
= QOther flavors under investigation

rymaszewski@physik.uni-bonn.de TWEPP 2017 29



Leakage current[A/chip]

Irradiation

fERSITA

v

rrieye—

0 50 100 150 200

Irradiation done by University of Ljubljana: 104, 5-:10%4, 10%>, 5-10%
IV curve measurement (at -25 °C) shows increased leakage, breakdown > 200 V
At 1015 —°2 chip is still fully functional, threshold dispersion slightly increased

cm?

Bias voltage[V]

rymaszewski@physik.uni-bonn.de

— 1E15neqfcm2
— 1El4negfcm2
— Oneg/cm?

TWEPP 2017
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Leakage current[A/chip]

Irradiation "

UNIVERSITAT

= |rradiation done by University of Ljubljana: 10%4, 5-10%4, 10%>, 5- 1015 ~¢4 sz
= |V curve measurement (at -25 °C) shows increased leakage, breakdown > 200 V
= At1015 —%2 chip is still fully functional, threshold dispersion slightly increased

cm?
. . n
= Based on previous prototype >100um depletion after 10%° C—:; expected
_4 _— _l__l T T T ] T T T T T T T T T T | I_T_
- g |
107} ff____-——————_________" — 1E15neq/cm2 %. 250 E
i — 1El4negfcm2 o i B
10° ;’//_/_/—_ — Onegjcm?2 8 200:_ ]
10”7 2 150" -
8 - / ]
108} ] 100 -
m‘gr"' ' "™ I e 50 -
1077 5 50 100 =0 500 0050 100 150 200 250 300 350 400
Bias voltage[V] Bias voltage (V)

E-TCT measurement on LF test structures thinned to 200um
I. Mandié, RD50 workshop 2017

= Proton irradiation done by CPPM, data analysis ongoing

rymaszewski@physik.uni-bonn.de TWEPP 2017 31



Summary v

= A prototype monolithic sensor was designed in 150nm CMOQOS process and
manufactured on a HR wafer

= Chip are being tested presently and measurement results are in agreement with
simulation predictions

=  Monolithic R/O works and threshold of 2500 e~ was achieved, lower value
probably possible

= Backside processing and thinning to be done

= Efficiency measurements and radiation tolerance tests are starting now

rymaszewski@physik.uni-bonn.de TWEPP 2017 32



Summary __ v

= A prototype monolithic sensor was designed in 150nm CMOQOS process and
manufactured on a HR wafer

= Chip are being tested presently and measurement results are in agreement with
simulation predictions

=  Monolithic R/O works and threshold of 2500 e~ was achieved, lower value
probably possible

= Backside processing and thinning to be done

= Efficiency measurements and radiation tolerance tests are starting now

Thank you
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LF prototypes

v
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CCPD_LF

*  Subm. in Sep. 2014

*  33x125um? pixels

*  Fast R/O coupled to R/O chip
»  Standalone R/O for test

rymaszewski@physik.uni-bonn.de

o

9.5mm

L

LF-CPIX
(Demonstrator)

F-CPIX (DEMO)

Subm. in Mar. 2016

50 x 250 um? pixels

Fast R/O coupled to R/O chip
Standalone R/O for test

TWEPP 2017

10mm

'
v

9.5mm

LF-Monopix01
(Monolithic)

LF-Monopix01

*  Subm. in Aug. 2016

*  50x 250 um? pixels

*  Fast standalone R/O

*  Standalone R/0O like LF-CPIX

35



CMOS CSA linearity >
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(CMOS) CSA voltage (signal) vs. Injection Pix [25,64]
300
e
250 |y '=208,06x - 6,8478
R%=0,99939

200 .....--c- - , !l;ﬁ\\
z : ' 1‘\_
é . MON ) | \
& X Y :
S 150 | {0\ .
_g _.-"' | 1. .
< : \ :
8 _..".. : :

100 ‘ ﬂ'll’_()t_ll,,_,:,_____”*wll - e

...' IIE.M:_! : :
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The CMOS CSA has a linear response to injected charge (ToT -as expected- not linear
due to the fast return to baseline)

rymaszewski@physik.uni-bonn.de TWEPP 2017 36



N

TID effects on CSA in ccpd-If

VERSITAT

Gain and noise of readout measured before and ;5

after X-ray (~60keV) irradiation 11l
- After 9hr at room temp.
®10F &
TID: 50Mrad (outer layer of ATLAS-HL-LHC) T 0.9
= 08|
Flavors of CSA feedback (version A) % 0.7}
= Normal (L=0.9um) “ o6}
* Long (L=1.5um) 0.5 v
= ELT (W=2.4um, L=0.16pm) 55
il
Readout works after irradiation E 2:0¢
=  Gain degraded to 70-80% o
= Approx. twice larger noise % Lo
E 1Lof
No significant differences between flavors =

0.5
More irradiation studies are coming (24GeV p*) 10°°

TID [Mrad]
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Time walk simulations
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Cross talk minimalization efforts in LF-MONOPIX01

!
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Cross talk minimalization efforts in LF-MONOPIX01
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Source follwers used for SRAM R/O
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